Environmental instream flows are a common tool for maintaining river flows that are required to sustain both ecosystem and societal needs. Many of the most widely adopted environmental flow standards are based on historical flow, mainly because of the relative simplicity of these methods. Few previous studies, however, have examined the ability of historical flow standards to protect low flows. Here, the low-flow protective ability of five different historical flow methods, using 35 gaging stations in the Tombigbee River Basin of Alabama and Mississippi, was analyzed. The minimum environmental flow thresholds were calculated using the five indices, and the number of times in a recent 32-year period flows fell below each threshold was determined. The Tennant-based threshold was reached most frequently, followed by the modified Tennant. Although other low-flow metrics, such as 7Q 10 , were triggered infrequently (9% of the time) over the whole period, triggering rates increased to 46% for 7Q 10 during the drought of 2016, suggesting that even minimal low-flow standards may provide some benefit during drought. Analyzing historical flow methods to see how often they would result in management actions if implemented is a useful way of developing guidance on the adoption of minimum environmental instream flow standards.
Introduction services (MEA, 2005) . Ecosystem services provided by rivers include offstream uses such as domestic supply, irrigation, and thermoelectric power production, and instream uses such as hydropower, navigation, recreation, and maintenance of aquatic and riparian ecosystems (Gopal, 2016) . Under threats such as climate change and variability, population growth, and economic development, conflicts between different offstream and instream uses of water have become increasingly severe. A dominant paradigm in managing these water conflicts is the designation of environmental instream flows, or the quantity and timing of river flows required to sustain both ecosystem and societal needs (Postel & Richter, 2003) .
Alabama, a state in the southeastern United States, has among the highest levels of freshwater biodiversity in the country, leading in numbers of freshwater fish, mussels, snails, and crayfish (Master et al., 1998) . Despite these high levels of biodiversity, Alabama is also one of the states with the most endangered and threatened aquatic taxa, a major reason being the high levels of flow alteration on the state's rivers. Nearly all large rivers in Alabama have been extensively dammed, primarily for navigability, but also for flood control, hydropower production, and water supply. In addition to other water problems such as excessive sedimentation and nutrient pollution, this extreme level of hydrologic alteration is a major threat to Alabama's ecologically valuable river systems.
Water quantity and quality problems in Alabama are likely to be exacerbated by climate change, with projected increased temperatures leading to higher evapotranspiration, and changes in precipitation patterns leading to increased hydrologic variability, because of more intense rainfall events and longer dry spells in between (Carter et al., 2014) . The southeastern United States is also subject to extreme droughts. A recent severe but short-lived drought occurred in the fall of 2016, when no rainfall occurred for over two months over much of the state, including 71 consecutive rain-free days in Tuscaloosa. Because the storage capacity of reservoirs is low in the humid southeast compared to arid western states, drought has the potential to result in particularly severe impacts to the ecosystem services streamflow provides. In addition to uncertain future water supply, water demand in Alabama is likely to increase, given strong population growth in the southeast. Moreover, Alabama currently has underutilized irrigation capacity compared with many of its neighboring states, primarily because of its legal framework that limits surface-water withdrawals to riparian landowners only (AWAWG, 2013; Bearden, 2016) . There are currently efforts underway to relax this riparian restriction for irrigation, which would likely significantly increase the water withdrawals for irrigated agriculture. Increased water demand for crops under climate change may also contribute to the future development of irrigation in Alabama and thereby increase water withdrawals from rivers.
Despite the ecological values of Alabama's rivers, and the numerous threats to those values -from uncertain water supply, increasing water demand, and habitat alteration -Alabama currently does not have legally enforceable environmental instream flow standards. Development of an instream flow standard is, however, a major priority of environmental non-governmental organizations (NGOs) (Gregg et al., 2017) and of the state of Alabama, in their policy recommendations for development of a state water-management plan (AWAWG, 2013) . Most states, including all four of Alabama's neighboring states, do have some form of environmental instream flow requirements in their legal or regulatory systems. Alabama's lack of instream flow standards places it at a special disadvantage because most of its large rivers cross state borders. The Tennessee River Basin in northern Alabama is shared with Tennessee; the Alabama-Coosa-Tallapoosa (ACT) system originates in western Georgia; the ApalachicolaChattahoochee-Flint (ACF) basin is shared between Alabama, Georgia, and Florida; the rivers of the Choctawhatchee-Pea-Yellow region in southeastern Alabama flow into Florida; and the Tombigbee River Basin is shared between western Alabama and the eastern Mississippi. The best-known example of an interstate water conflict in the region is the ongoing 'Tristate Water War' between Alabama, Georgia, and Florida in the ACF basin (Bearden & Andreen, 2017) , but incipient disputes with Tennessee in the Tennessee River Basin, Georgia in the ACT basin, and Mississippi in the Tombigbee River Basin are also developing. The decline of flow in southeastern US streams (Tootle et al., 2018) and the continuing saga of the water wars, such as the Report of the Special Master in Florida v. Georgia, raise some interesting water-policy issues. For example, if Alabama ever ends up in an original action against Georgia or another state over water issues, a review of United States Supreme Court precedent suggests that having a state water-management framework -embodying good data on water availability, use (withdrawals), streamflow, and future demand -is important to winning those cases (Colorado v. New Mexico, 467 U.S. 310 (1984) ). The complex interaction of physical and policy challenges to management of Alabama's water resources illustrates the need to develop defensible environmental instream flow standards that can meet the present and future threats to the rivers of the state and their ecological values.
A wide variety of methods is available to select environmental instream flow standards, including methods based on hydraulic variables, physical habitat, or historical flow ( Jowett, 1997) . Hydraulic methods are based on hydraulic geometry relationships, with the most common using the variation in wetted perimeter with discharge. Habitat methods involve selecting species of concern and using a model, such as the Physical Habitat Simulation (PHABSIM) model, to determine the discharge needed to maintain suitable habitat for those species. Holistic approaches have also been developed that are based on professional judgment and risk assessment of water-resource development scenarios. These holistic approaches focus on links between changes in flow regime and the consequences for the biophysical environment, including, in some cases, ecosystem-dependent livelihoods. In a global review of environmental instream flow standards implemented in 44 countries, Tharme (2003) found that historical flow methods were the most common (30% of the global total), but that holistic methods made up 8% and were particularly appropriate for data-scarce regions such as in the developing world. For example, the Downstream Response to Imposed Flow Transformation (DRIFT) methodology, a holistic approach developed in South Africa, involves systematic analysis of the biophysical and socio-economic context, development of flow scenarios, and assessment of economic impact, with the workflow implemented by an interdisciplinary team of natural and social scientists with public participation. This type of holistic approach is conceptually similar to Ecological Limits of Hydrologic Alteration (ELOHA), a framework that has been adopted for setting regional environmental instream flow standards in the United States and elsewhere, in which a hydrologic foundation is established, a regional river classification is developed, the degree of hydrologic alteration is assessed, and flow-ecology relationships are quantified. Such holistic approaches were developed as an alternative to many habitat-based approaches, such as those implemented in North America and northern Europe, designed to protect particular fish species with commercial or recreational value. Relative to other methods, holistic approaches are less susceptible to being implemented as overly simplistic 'rules of thumb', instead taking into account the unique conditions of individual rivers.
Although the hydraulic, habitat, and holistic methods are likely to be more geomorphically and ecologically meaningful, they require significantly more input data and analysis than historical flow methods, which can be calculated from simple statistics based on widely available discharge data for individual rivers or reaches. Consequently, many states have used historical flow methods to set their environmental instream flow standards, including several of Alabama's neighboring states. Georgia's environmental instream flow standards allow permit applicants to choose between a monthly 7Q 10 (the seven-day low flow with a recurrence interval of ten years), a site-specific flow study, or an interim modified Tennant approach (based on percentages of mean monthly flow). These limits are enforceable because Georgia has a relatively rigorous system for regulating withdrawals, in which water users must apply for a permit to withdraw more than 378 m 3 per day, and for monitoring, in which withdrawals can be ordered to stop if flows fall below environmental instream flow standards. Some states, including Alabama, do not systematically permit and monitor withdrawals, an additional element of water policy that must be developed in order to effectively protect environmental instream flows. Tennessee requires minimum instream flows of the September median flow (or a more conservative multiplier) (AWAWG, 2013). Mississippi's environmental instream flow standard is based on annual 7Q 10 . Like many historical flow methods, all of these environmental instream flow standards focus primarily on maintaining minimum low flows. The emphasis on low flows is problematic, because rivers also need periodic high flows to provide floodplain connectivity, maintain channel dimensions, and flush out sediment and debris. There are historical flow methods that take into account both high and low flows, such as the range of variability approach and the sustainability boundary approach. Nevertheless, as the standards of Alabama's neighboring states demonstrate, many officially adopted environmental instream flow standards are focused on minimum flows. The 7Q 10 standard has the additional problem that it governs only extreme low flows and is not intended for maintenance of aquatic habitat or ecological processes, but rather as a water-quality standard to ensure adequate dilution of contaminants. Despite this limitation, 7Q 10 is the only environmental instream flow standard that has been adopted by many states, including Mississippi.
As Alabama begins the process of developing environmental instream flow standards, it is worthwhile to examine the ability of different historical flow methods to protect low flows, especially those that have been adopted by neighboring states. In particular, the focus here is on Mississippi, because it is the state most physically, culturally, and politically similar to Alabama. Moreover, because 7Q 10 is intended as a water-quality standard rather than one that protects habitat, Mississippi would benefit from a re-examination of its 7Q 10 standard and, if it is found to be minimally effective at protecting low flows, from a revision of its environmental instream flow standards. Here, the interstate Tombigbee River Basin, shared by Alabama and Mississippi, is used as a case study to examine the low-flow protective ability of five historical flow methods for determining minimum environmental instream flows. In effect, the Alabama portion of the Tombigbee River Basin is used as a 'control' (no environmental instream flow standard) and the Mississippi portion as a 'treatment' (7Q 10 standard). A systematic analysis of gaging-station records in both the Alabama and Mississippi portions of the basin was conducted to determine how often each flow threshold would have been reached in a 32-year period. In addition, the 2016 drought provided an opportunity to examine how effective each of the five historical flow methods would have been in limiting withdrawals during severe drought conditions. The Tombigbee River Basin was especially hard hit by the drought. On 29 November 2016, at the peak of the drought, the United States Drought Monitor recorded 100% of the Mobile-Tombigbee basin (Hydrologic Unit Code 0316) as being in at least D2 (Severe) drought, 95% in at least D3 (Extreme) drought, and 25% in D4 (Exceptional) drought.
Although environmental instream flow standards are used as a management tool across the United States and around the world, there have been few studies examining the effectiveness of the various standards in protecting low flows. Comparing actual flow records to hypothetical environmental instream flow thresholds is an innovative approach to evaluating the effectiveness of those standards in protecting low flows. Because minimum flow standards are based only on historical flow rather than on more ecologically meaningful variables, and because they are designed to manage only low flows rather than the full hydrologic regime, it is not expected that these standards would be as ecologically effective as environmental instream flow standards derived using other methods. Nevertheless, historical flow methods are useful in that they can be applied at regional scales and are cost-effective and simple to derive from available hydrologic data. Also, from a pragmatic perspective, historical flow methods are widely used; for example, 7Q 10 is the only environmental instream flow standard in Mississippi. The purpose of this research, then, is to determine whether minimum flow standards are effective in their stated purpose of protecting low flows, regardless of whether or not those are the appropriate target flows for ecological benefits. The question this research seeks to address is whether 'something' (7Q 10 or another minimum flow standard) is better than 'nothing' (no environmental instream flow standard). This question is addressed by determining whether streams with minimumflow policies (Mississippi with its 7Q 10 standard) have higher flow under average and drought conditions than streams with no minimum-flow policies (Alabama).
Methods

Study area
The study area for this project is the Tombigbee River Basin, an interstate basin shared by Alabama and Mississippi, with a drainage area of approximately 49,521 km 2 . The headwaters of the mainstem of the Tombigbee River are in northeastern Mississippi, near Tupelo, and the river flows south for approximately 325 km until it joins with the Alabama River about 50 km north of Mobile, to form the short Mobile River that enters Mobile Bay (ACWP, 2005) . The Tombigbee River Basin is dominated by the Gulf Coastal Plain physiographic province, with gentle relief, dominated by Mesozoic to recent sedimentary rocks and unconsolidated sediments. The northeastern part of the basin, in the Black Warrior drainage, is part of the Cumberland Plateau physiographic province, the southernmost extent of the Appalachian Mountains, with valley-and-ridge topography dominated by folded Cambrian to Pennsylvanian sandstone, shale, limestone, and dolomite. The climate of the basin is humid subtropical, with average temperatures ranging from approximately 5°C in January to 27°C in July and average annual precipitation of 1,419 mm (NCDC, 2016) . Land cover in the basin is dominated by deciduous forest (21%), evergreen forest (18%), shrub (12%), pasture (11%), and cropland (5%).
The Tombigbee River Basin is an appropriate study area for this research because it bisects Alabama, a state with no environmental instream flow standard, and Mississippi, which has a 7Q 10 standard. An additional benefit to using the Tombigbee River Basin as a case study is that it exemplifies many of the uses of rivers in Alabama. The mainstem of the Tombigbee River has been heavily modified through the construction of five lock-and-dams, primarily for the purpose of facilitating navigability, but with some additional hydropower and flood-control benefits. The Tombigbee River is one of the most important commercial waterways in the United States, because of the completion in 1984 of the TennesseeTombigbee (Tenn-Tom) Waterway, an artificial channel that connects the Tombigbee to the Tennessee River, thereby allowing coal and timber products from Tennessee to be shipped directly to the Gulf of Mexico, rather than by the longer natural route down the Ohio and Mississippi rivers (Stine, 2003) . Because of its role as a major shipping route, the Tombigbee's flows are highly regulated and optimized for navigability, which means that the primary conflict with environmental instream flows is not offstream withdrawals, but rather the frequency and duration of high and low flow pulses. This type of flow modification is typical of the southeastern United States, where the limitation on aquatic and riparian species is more commonly related to flow variability rather than to absolute shortages of water in rivers. Nevertheless, as the 2016 drought demonstrated, smaller headwater streams that provide critical habitat for aquatic species can go completely dry during drought conditions, leading to massive fish kills (Pillion, 2016) .
Although the mainstem of the Tombigbee River has been highly modified, several tributaries of the Tombigbee are in a less-altered state and are ecologically valuable. The United States Fish and Wildlife Service, Alabama Department of Conservation and Natural Resources, and Geological Survey of Alabama have designated Strategic Habitat Units (SHUs), which are river segments selected as focus areas for managing and restoring populations of rare aquatic species, because of their geomorphic and hydrologic stability, acceptable water quality, diverse substrate, and lack of significant populations of invasive species. The SHUs within the Tombigbee River Basin include the Sucarnoochee River, Trussells Creek, Sipsey River, Lubbub Creek, Luxapalilla Creek, Buttahatchee River, Bull Mountain Creek, North River, Upper Sipsey Fork, Locust Fork, and East Fork of the Tombigbee River (USFWS, 2016). Each of the tributaries provides habitat for aquatic species of concern in preserving Alabama's freshwater biodiversity, which underscores the need to ensure that adequate environmental instream flows are available in the basin.
Data
Historical flow thresholds for all United States Geological Survey (USGS) gaging station records in the Tombigbee River Basin with at least 30 years of data were calculated. The datasets were screened to ensure that records were at least 90% complete. There were a total of 35 gages within the basin with records that met these criteria, 22 in Alabama and 13 in Mississippi (USGS, 2017). The majority of the stations (22) had 100% complete records for the period for which the gage was active. Of the remaining stations (13) that had some missing data, most experienced a period of several years in which the gage was inactive. This pattern of missing data suggests that both low flows and high flows would be excluded from the missing years, rather than either high or low flows being systematically excluded, so these gaging station records can reasonably be used for long-term analysis of minimum flows.
Historical flow methods. Minimum environmental instream flows were calculated based on five historical flow methods. The rationale for using historical flow methods is that these methods are commonly used for determining environmental instream flow standards in the United States, particularly in the southeastern region. The first method used is the 7Q 10 standard, the seven-day low flow with a recurrence interval of ten years, which was selected because it is the only environmental instream flow standard in Mississippi and a variant of 7Q 10 is one of the options for environmental flows in Georgia. 7Q 10 was calculated by first computing a seven-day running average of daily mean streamflow. The lowest seven-day streamflow within each year was selected, the annual seven-day minimums were ranked from smallest to largest, and the recurrence interval was calculated using the formula:
where n is the number of years in the record and m is the rank of the event, with a rank of 1 for the smallest annual seven-day minimum flow (ASCE, 1996) . The seven-day annual minimum discharge with a recurrence interval of ten years was defined as the 7Q 10 . The second historical flow method is the Tennant method, which defines 30% of the average annual flow as the minimum environmental instream flow (Tennant, 1976) . The Tennant method was selected because it is the most widely used historical flow method in the United States, having been adopted by 16 states ( Jowett, 1997) . It is calculated by simply computing the mean annual flow for the period of record and taking 30% of that value as the threshold minimum flow.
The third historical flow method is the modified Tennant method, which calculates the 30% flow threshold relative to mean monthly rather than to annual flows, in an effort to take into account natural seasonal hydrologic variability (Fraser, 1978) . The modified Tennant method was selected because it is one of the options for environmental instream flows in Georgia. It is calculated in the same way as the standard Tennant method, except that 30% of mean monthly flow over the period of record is used as the minimum flow threshold for that month (thus producing 12 minimum-flow thresholds, one for each month), rather than 30% of the mean annual flow.
The final two historical flow threshold methods have both been used for environmental instream flow standards in New Zealand (Forlong, 1994) . One is based on 75% of the seven-day low flow with a recurrence interval of five years (7Q 5 (75)). It is calculated using the same procedure as for 7Q 10 , but using the five-year recurrence interval instead of the ten-year recurrence interval flow as the minimum threshold, and 75% of that value is defined as the minimum flow threshold. The final historical flow threshold used here is the flow equaled or exceeded 96% of the time (Q 96 ). To calculate this threshold, all daily discharges in the record are ordered from smallest to largest, and the 4th-percentile flow value on the cumulative distribution function (or 96th-percentile value when discharges are ranked from largest to smallest) is selected as the minimum flow threshold.
For each of the five historical flow methods, environmental instream flow thresholds were calculated based on the full gaging station record available for each of the 35 gages in the Tombigbee River Basin (going as far back as 1928). These thresholds were considered pseudo-standards for environmental instream flows. For all 35 stations, the number of days (and proportion of total days in the record) from 1 October 1985 to 30 September 2016 on which discharge was less than the threshold associated with each historical flow method was calculated. These days can be considered the days on which the pseudo-standard for environmental instream flows would have been 'triggered', or prompted some regulatory action, if that standard had actually been in effect. The rationale for selecting the 1985-2016 period is: 1) a 32-year record provides a reasonably long period for examining variability over time; and 2) 1985 was the year in which Mississippi's 7Q 10 standard was adopted. Using 1985-2016 therefore allows for examination of the sensitivity of Mississippi's environmental instream flow standard, by demonstrating how often the standard would have triggered regulatory action if enforced perfectly.
The fact that Mississippi adopted the 7Q 10 standard in 1985, while Alabama had no environmental instream flow standard over the entire period, also provides an opportunity to test the effectiveness of the 7Q 10 standard in protecting low flows. The Alabama and Mississippi portions of the Tombigbee River Basin are similar physically, so any difference in the frequency of flows reaching the 7Q 10 threshold between the two states can reasonably be attributed to the difference in water policy. If 7Q 10 is effective at protecting low flows, there should be fewer days in which discharge is less than the 7Q 10 standard in the Mississippi portion than in the Alabama portion of the basin. Note that this study does not address other potential drivers of differences in low flows between the Mississippi and Alabama portions of the basin, but simply posits that an effective environmental instream flow standard would be expected to produce some discernible difference between low flows in the two states. An analysis was done of spatial patterns (Alabama versus Mississippi, upstream versus downstream, regulated versus unregulated, large versus small rivers) in the proportion of days in the record on which each flow threshold was reached. The proportion was used rather than the absolute number of days, because the number of days in the record varied slightly among gaging stations due to missing data.
Results and discussion
Historical flow thresholds Table 1 shows the proportion of days in the 1985-2016 period on which discharge at each gaging station was less than each of the five historical flow thresholds. Averaged across all 35 gaging stations, discharge was less than the threshold set by the Tennant method on 39% of days. Discharge was lower than the modified Tennant method, averaged across all gaging stations, on 24% of days (Table 1 ). The flow threshold that was triggered next most frequently was the 7Q 5 (75) threshold, which was reached on 10% of days. Discharge was lower than the 7Q 10 threshold on 9% of days. Finally, the Q 96 threshold had discharge less than that value 4% of the time, just as expected from the long-term flow duration curve.
Spatial differences
There was a slight difference between the Alabama and Mississippi portions of the basin in the proportion of days in the record with discharge less than the 7Q 10 threshold (Figure 1) . The Alabama portion of the basin had a slightly greater proportion (10%) of days failing to reach the 7Q 10 threshold compared to the Mississippi portion of the basin (8%). There were no differences between the Alabama and Mississippi portions of the basin in the proportion of days with discharge less than any of the other historical flow thresholds. There was, however, a slight difference between the headwater and downstream rivers in the proportion of days in the record on which discharge was lower than the threshold defined by the 7Q 5 (75) method. Discharge was lower more often on the downstream than on the headwater rivers (12% versus 8% of days). There were also some differences in the proportion of days in the record less than the 7Q 10 and 7Q 5 (75) thresholds between regulated and unregulated rivers. Discharge was lower than the thresholds more often on the regulated rivers (8% on regulated versus 11% on unregulated for 7Q 10 , 8% on regulated versus 13% on unregulated for 7Q 5 (75)). The proportion of days with discharge lower than the 7Q 10 , 7Q 5 (75), and Q 96 thresholds was positively correlated with the log of drainage area (Figure 2) . To summarize the spatial differences, large unregulated rivers located in the downstream portions of watersheds had more triggering low-flow events, especially for the 7Q 10 and 7Q 5 (75) thresholds. This finding is somewhat counterintuitive, because small unregulated headwater streams would be expected to have more extreme low-flow events. However, because the discharge records that the thresholds are based on are less variable on large regulated rivers, low flows that are relatively less extreme can fail to meet the more stringent thresholds compared with smaller unregulated streams, which have higher baseline variability. Environmental instream flow standards that are based on naturalized flows would likely result in less stringent low-flow thresholds on large regulated rivers, which would be appropriate given that such rivers tend to have lower-quality physical habitat than unregulated headwater streams and that the proportion of the flow needed to maintain habitat decreases with increasing stream size.
2016 drought. Although the overall analysis time period ends on 30 September 2016, SeptemberNovember of 2016 was examined in more detail. The reason is that these three months correspond with the severe drought of 2016. In addition to analyzing the frequency with which historical flow thresholds would have been triggered over long-term average conditions, it is useful to assess the frequency with which they would have been triggered in drought conditions. As expected, the proportion of days in September-November 2016 that had discharge below each of the five historical flow thresholds was substantially higher than average for September-November over the entire 1985-2016 time period (Table 2) . As for the entire period, the Tennant threshold was triggered most frequently for the 2016 drought, with the proportion of days falling below the Tennant threshold averaging 94% across the 28 stations for which September-November 2016 data were available (compared with 61% of all September-November days for . Again, the next most frequently triggered historical flow threshold for the 2016 drought was the modified Tennant, with 73% of SeptemberNovember 2016 days (34% of all September-November days). The next most frequently triggered historical flow threshold for the 2016 drought was Q 96 with 50% of September-November 2016 days (8% of all September-November days), despite the fact that Q 96 was triggered least often of the five historical flow thresholds when long-term averages were examined. 7Q 10 was triggered on 46% of days and 7Q 5 (75) was triggered on 42% of days during the 2016 drought (compared with 8% for all SeptemberNovember days for both).
Discussion
According to the results of this analysis, environmental instream flow standards based on recurrence intervals of seven-day low flow, such as the 7Q 10 and 7Q 5 (75) methods, would have been triggered rarely over a 30-year period in the Tombigbee River Basin (10% or less of days in the record), so that such a standard would be fairly ineffectual from the perspective of protecting low flows. This finding is similar to the results of comparisons of environmental instream flows derived from several historical flow thresholds in Atlantic Canada, which found that using 7Q 10 as a threshold resulted in extremely low flows that could have adverse consequences (Caissie & El-Jabi, 1994; Caissie et al., 2015) . These findings have real practical significance for the Mississippi portion of the Tombigbee River Basin, because the 7Q 10 standard has been the only environmental instream flow standard in Mississippi since 1985. The fact that the 7Q 10 standard was triggered rarely means that its usefulness as an environmental instream flow standard is questionable, not only for preserving the full range of flows that are necessary for protecting aquatic habitat, but even for its stated purpose of maintaining minimum flows necessary for dilution of contaminants in order to protect water quality. Because there was only a minimal difference between the frequency of triggering events in the Alabama and Mississippi portions of the basin, which are physically and socio-economically similar, it is unlikely that any management actions in the Mississippi portion of the basin influenced low flows. Similarly, the Q 96 standard would have been triggered on only 4% of the days in the record, as expected from the long-term flow duration curve. The threshold based on the Tennant method was triggered on 39% of the days in the 30-year record. Because the Tennant method was triggered most frequently, it can be considered the historical flow method that is most protective of minimum flows, at least for the past 30 years in the Tombigbee River Basin. Orth & Leonard (1990) also found that, out of several examined historical flow thresholds, the Tennant method provided the most optimum habitat for small Virginia streams. In our research, the modified Tennant method, which might be expected to be more protective because it takes into account seasonal flow variability, was actually triggered less often (24% of days) than the original Tennant. The reason may be the highly regulated nature of many rivers in the Tombigbee River Basin, in which high flows are lower and low flows are higher than for the natural flow that would have occurred earlier in the record. It is worth noting that thresholds that are more protective of low flows are not necessarily more ecologically effective and, in fact, standards that are too stringent may be counterproductive because of lack of compliance and enforceability. Moreover, without specific information on the habitat needs of aquatic species of concern, it is not possible to determine which of the historic flow methods provide maximum ecological benefits. On the question of whether 'something is better than nothing', it may be concluded from this research that there is no evidence that Mississippi's 7Q 10 standard provides significant low-flow protection over the normal range of flow variability. The observed difference between the Alabama and Mississippi portions of the basin in the number of triggering events based on the 7Q 10 threshold was trivial, and there was no difference for any of the other historical flow thresholds. This result is not unexpected, given that minimum flow thresholds such as 7Q 10 are designed for water quality rather than quantity purposes. Nevertheless, the examination of the 2016 drought suggests that implementation of minimum flow standards may have some benefit during drought. In particular, thresholds set by the Tennant and modified Tennant methods would have been triggered during the majority of days in the 2016 drought, meaning that these standards would have prohibited withdrawals from most streams at this time. Even the remaining historical flow thresholds, which were triggered less than 10% of the time during the entire study period, were triggered around half the time during the 2016 drought. This finding suggests that, despite not being protective of the full hydrologic regime of rivers, even a minimum flow standard like 7Q 10 could provide some benefit to Alabama rivers by preventing extreme low flows if it were adopted and effectively enforced. Note that the status quo does not prohibit landowners from withdrawing any amount of water from their riparian waterways, even during a drought such as in 2016. Currently, the only recourse to stop such withdrawals is through litigation, in which another party must prove harm resulting from the landowner's actions.
Conclusions
Alabama's rivers have great ecological value, but their biodiversity is threatened by uncertain future water supply, increasing water demand, and high levels of flow and habitat modifications. Especially in the context of interstate water conflicts, Alabama must modernize its water policy and implement legally enforceable environmental instream flow standards in order to conserve and restore the state's rivers. From one perspective, Alabama's lack of comprehensive water policy and environmental instream flow standards may be seen as an advantage. Unlike the neighboring state of Mississippi, which has a minimally protective 7Q 10 standard embedded into its legal framework, Alabama has the unusual opportunity to develop environmental instream flow standards de novo. With this opportunity, Alabama can potentially implement a standard that is more sophisticated, forward-thinking, and comprehensive by learning from the experience of other parts of the country and world. Given the limitations of historical flow methods found here, Alabama's water resources would likely be better served by using physical habitat methods or holistic methods to develop environmental instream flow standards. Because of the rarity of habitat-based and holistic approaches to designating environmental instream flow standards in the southeastern United States, Alabama has the potential to serve as a regional leader in comprehensive water management to preserve its exceptional freshwater biodiversity. Similarly, given the regulatory flexibility embedded in its establishing statute, Mississippi's existing 7Q 10 standard can potentially be revised to develop a more comprehensive standard for environmental instream flows. The case of environmental instream flows in the Tombigbee River Basin demonstrates the need for integrated development of science and policy in the management of water resources in order to benefit both societies and ecosystems.
